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bp base pair 
ABA abscisic acid 
ADC arginine decarboxylase 
AIH agmatine iminohydrolase 
APT aminopropyltransferase  
BC back conversion pathway 
cDNA complementary DNA 
CPA N-carbamoylputresine amidohydrolase 
CuAO copper-dependent amine oxidase 
DAP 1,3-diaminopropane  
DIC differential interference contrast 
dcSAM decarboxylated S-adenosylmethionine 
EST Expressed sequence tag 
FAD flavin adenine dinucleotide 
GA gibberellic acid 
GFP green fluorescent protein 
HPLC high performance liquid chromatography  
IAA  indole acetic acid 
iP isopentenyl adenine 
JA Jasmonic acid 
JAZs jasmonate zim-domain proteins 
LC-MS/MS liquid chromatography-tandem mass spectrometry  
MS Murashige and Skoog 
MV methyl viologen 
NorSpd norspermidine  
NorSpm norspermine  
Nos-T nopaline synthase gene terminator 
ODC ornithine decarboxylase 
ORF open-reading frame 
PA polyamine 
PAO polyamine oxidase 
PCA  perchloric acid 





qRT-PCR real-time quantitative reverse transcription-polymerase chain reaction 
RACE rapid amplification of cDNA ends 
RT reverse transcription 
SA salicylic acid 
SAM S-adenosylmethionine 
SAMDC S-adenosylmethionine decarboxylase 
SP signal peptide 
Spd spermidine 
Spm spermine 
TC terminal catabolism pathway 
TD transmembrane domain 
T-Spm thermospermine 
WT wild type 








Polyamines (PAs) are aliphatic compounds with low molecular masses and they are 
present in all living organisms. PAs play roles not only in growth, organogenesis, 
development and aging of plants but also in coping with various environmental stresses. 
In plant, major common PAs are diamine, putrescine (Put), triamine, spermidine (Spd), 
and tetraamines, spermine (Spm) and thermospermine (T-Spm). Some plants contain 
norspermidine (NorSpd) and norspermine (NorSpm) as minor uncommon PAs.  
The plant PA biosynthetic pathway is well established. On the other hand, plant PA 
catabolic pathway(s) start to be explored. Two enzymes, copper-dependent amine 
oxidase and flavin adenine dinucleotide (FAD)-associated polyamine oxidase (PAO), 
are involved in PA catabolism. The first characterized apoplastic maize PAO and barley 
PAOs oxidize PAs in a terminal catabolic (TC) pathway. The recently characterized 
Arabidopsis and rice PAOs oxidize PAs in an alternative pathway, the so-called 
back-conversion (BC) pathway. 1,3-diaminopropane (DAP), produced by TC-type PAO, 
is converted to NorSpd and then NorSpm by the aminopropyl transferases with broad 
substrate specificity. This is a known pathway of NorSpd- and NorSpm-synthesis.  
Phylogenetic analysis on angiosperm PAOs revealed that they are classified into 
four (I~IV) clades. Of them, the clade III members, Arabidopsis thaliana AtPAO5 and 
Oryza sativa OsPAO1, catabolized both Spm and T-Spm to Spd in a BC pathway.  
In this study, I aim to investigate O. sativa and Selaginella lepidophylla PAOs. O. 
sativa contains 7 PAO genes and they are named as OsPAO1 to OsPAO7. Of them, 
OsPAO1, OsPAO3, OsPAO4, OsPAO5 and OsPAO7 have been more or less 
characterized. Therefore, in chapter I, I clone the OsPAO6 cDNA and further 
characterize the recombinant OsPAO6. In chapter II, I determine the enzymatic 
parameters of the recombinant OsPAO3, OsPAO4 and OsPAO5, and compare them 
with those of other OsPAOs. I examine the expressional responses of all OsPAOs to 
various phytohormones and environmental stresses, and examine the expression profiles 
in different tissues. Collecting the known OsPAOs’ data and the data I obtain in this 
study, I discuss the respective roles of OsPAOs in O. sativa. In addition, in chapter III, I 
clone a clade III PAO cDNA from S. lepidophylla and characterize the recombinant 
enzyme. I discuss the similar and different features in the clade III PAOs of Selaginella 
and angiosperms.  
I found that the provisional OsPAO6 cDNA sequence (Accession number: 
NM_001069545) is incorrect and identified the correct OsPAO6 cDNA. I further 
characterized the recombinant OsPAO6. This enzyme catabolized Spd, Spm and T-Spm 
in a TC pathway. OsPAO6 shows high identity (92%) to OsPAO7 and it is suggested to 
contain a signal peptide sequence. Furthermore, the GFP-fused OsPAO6 resides in the 
plasma membrane of plant cells. It suggests that OsPAO6 is an apoplastic enzyme.  
The former laboratory members showed that (i) OsPAO3, OsPAO4 and OsPAO5 are 




genes localized in peroxisomes and catabolized PAs in a BC pathway; (ii) expression of 
OsPAO1 is induced by Spm and T-Spm treatment. OsPAO1 localizes in cytoplasm and 
functions in Spm and T-Spm catabolism in a BC reaction; (iii) OsPAO7 is expressed in 
anthers and pollen. OsPAO7 catabolizes Spd and Spm in a TC reaction. I found that 
OsPAO6 is responsive to drought, salinity and wounding stresses, and that it is also 
responsive to jasmonic acid. I also determined the kinetic parameters of OsPAO3, 
OsPAO4 and OsPAO5. Taken together, I discussed the role of each of the 7 OsPAOs in 
O. sativa. 
   The Selaginella plants that I examined contained NorSpd at levels of over 10 nmol/g 
FW and T-Spm levels of only one-tenth of NorSpd. The Selaginella moellendorffii 
genome contains a putative clade III gene, so I cloned a clade III PAO cDNA 
(SelPAO5) from S. lepidophylla. The recombinant SelPAO5 catalyzes the conversion of 
T-Spm to NorSpd. Based on these results, I propose that NorSpd is generated via 
T-Spm catabolism by SelPAO5. As previously mentioned, NorSpd and NorSpm are 
synthesized by the sequential transfer of the aminopropyl residue to DAP. The latter is 
formed by the action of a TC-type PAO. Therefore, the route from T-Spm to NorSpd 
catalyzed by PAO is a novel PA metabolic pathway. 
T-Spm is an asymmetric isomer of Spm, which has a symmetrical structure. Here, I 
tentatively numbered the carbon atoms of T-Spm C1 to C10. AtPAO5 and OsPAO1 
prefer Spm and T-Spm in vitro and produce Spd from both of these substrates, 
indicating that both enzymes oxidize the C3-carbon. Unlike these enzymes, SelPAO5 
produces NorSpd from T-Spm, indicating that SelPAO5 oxidizes the C7-carbon of 
T-Spm.  
It has been proposed that the T-Spm synthase gene (ACL5) was horizontally 
transferred from thermophilic bacteria or archaea to an ancestral lineage of plants. I 
speculate that T-Spm, produced by Selaginella ACL5, is highly cytotoxic in Selaginella 
and that, to reduce its toxicity, SelPAO5 catabolizes T-Spm to NorSpd, which is less 
toxic. During subsequent plant evolution, it is likely that the PAO in this clade acquired 
the ability to oxidize C3-carbon instead of C7-carbon to generate Spd by a BC, which 








Polyamines (PAs) are aliphatic compounds with low molecular masses and they are 
present in all living organisms (Cohen 1998; Tabor and Tabor 1987). PAs play roles not 
only in growth, organogenesis, development and aging process but also in coping with 
various environmental stresses (Kusano et al. 2007; Eisenberg et al. 2009; Park et al. 
2010).  
In plant, major common PAs are diamine, putrescine (Put), and triamine, spermidine 
(Spd), and tetraamines, spermine (Spm) and thermospermine (T-Spm) (Fig. I-1) 




Fig. I-1. Structures of plant polyamines. Left: common polyamines; right: uncommon polyamines. The 
numerals in the bracket indicate the length of carbon chain between the amino residues. 
 
contain norspermidine (NorSpd) and norspermine (NorSpm) as minor uncommon PAs 
(Fuell et al. 2010). PAs are derived from amino acids; ornithine, arginine and 
methionine. Put is synthesized from ornithine by ornithine decarboxylase (ODC) or 
from arginine by three sequential enzyme reactions, arginine decarboxylase (ADC), 
agmatine iminohydrolase (AIH) and N-carbamoylputresine amidohydrolase (CPA) (Fig. 
I-2). Spd synthesis from Put is catalyzed by Spd synthase which requires another 
substrate, decarboxylated S-adenosylmethionine (dcSAM). The latter is synthesized 
from methionine by two enzyme reactions; S-adenosylmethionine synthase (SAMS) and 
S-adenosylmethionine decarboxylase (SAMDC). Spm and T-Spm are derived from Spd 
by Spm synthase (SPMS) and T-Spm synthase (ACL5 or T-SpmS), respectively (Fig. 
I-2). SPDS, SPMS and ACL5 are collectively called ‘aminopropyl transferase’ because 
they transfer a ‘aminopropyl residue’ from dcSAM to Put or Spd. As described above, 
plant PA biosynthetic pathway is well established. On the other hand, plant PA 
catabolic pathway(s) start to be explored. Two enzymes, copper-dependent amine 
oxidase (CuAO: EC 1.4.3.6) and flavin adenine dinucleotide (FAD)-associated 
polyamine oxidase (PAO: EC 1.5.3.11), are involved in PA catabolism. The former 




and a 2,4,5-trihydroxyphenylalanine quinone (TPQ) cofactor (Medda et al. 1995b; 
Dawkes and Phillips 2001; Kusano et al. 2015). In contrast, PAO is a monomeric 
enzyme. The  
 
Fig. I-2. Polyamine biosynthetic pathway in plant.  
 
 
Fig. I-3. Polyamine catabolic pathways in plant. Blue arrows and red arrows indicate the terminal 
catabolism pathway and back conversion pathway, respectively.  
 
first characterized apoplastic maize PAO and barley PAOs oxidize PAs in a terminal 
catabolic (TC) pathway. The recently characterized Arabidopsis and rice PAOs oxidize 
PAs in an alternative pathway, the back-conversion (BC) pathway (Fig. I-3) (Cona et al. 
2006; Angelini et al. 2010; Wimalasekera et al. 2011a; Moschou et al. 2012). 
1,3-diaminopropane (DAP), produced by TC-type PAO, is converted to NorSpd and 
then NorSpm by the aminopropyl transferases with broad specificity (Fig. I-4, Fuell et 











Fig. I-4. Biosynthetic pathway of NorSpd and 





The O. sativa genome contains 7 PAO genes. They are termed as OsPAO1 to 
OsPAO7 (Table I-1). Phylogenetic analysis on angiosperm PAOs revealed that they are 
at least classified into four clades, I, II, III and IV (Fig. I-5). There is no OsPAO in the 
clade I, three PAOs (OsPAO2, OsPAO6 and OsPAO7) in the clade II, 
 
  
Table I-1. Oryza sativa contains 7 PAO genes.	
Five OsPAOs except OsPAO2 and OsPAO6 were 
already characterized. 
Fig. I-5. Phylogenetic tree of plant polyamine 
oxidases. Roman numeral indicates the clades. 
Seven OsPAOs are highlighted by pink color. The 
reaction mode of biochemically characterized PAOs 
is indicated as either TC or BC. 
 
one PAO (OsPAO1) in the clade III, and three PAOs (OsPAO3, OsPAO4 and OsPAO5) 
in the clade IV, respectively. So far, of them, three constitutively expressed PAOs, 
OsPAO3, OsPAO4 and OsPAO5 were cloned and the respective recombinant PAO 
proteins were partially characterized (Table I-1, Ono et al. 2012). All of the enzymes, 
localized in peroxisomes, catalyzed BC-type reaction (Ono et al. 2012). Then OsPAO1 
and OsPAO7 cDNAs were also cloned by our former laboratory member (Liu et al. 
2014a, 2014b). OsPAO1 resides in cytoplasm and catalyzes BC-type reaction, whereas 
OsPAO7 localizes in apoplast and catalyzes TC-type reactions (Liu et al. 2014a, 
2014b).  
OsPAO1 and Arabidopsis AtPAO5, belonging to the clade III, function as T-Spm 
oxidase in host plants (Kim et al. 2014; Liu et al. 2014c) (Fig. I-5). Clade III-type PAO 
is present in a basal angiosperm (Amborella trichopoda), gymnosperms and Selaginella 
moellendorffii (vascular plants) but not in Physcomitrella patens and Marchantia 
polymorpha (non-vascular plants) (Kim, D.W., unpublished data).  
In this Ph.D. study, I aim to investigate Oryza sativa and Selaginella lepidophylla 
PAOs. In chapter I, I found that the provisional OsPAO6 cDNA sequence is incorrect 
and identified the correct OsPAO6 cDNA. I further characterized the recombinant 




OsPAO3, OsPAO4 and OsPAO5, and examined the expressional responses of all 
OsPAOs to phytohormones, PAs and abiotic stresses. Based on all the OsPAOs’ data so 
far obtained, I discuss a perspective view on OsPAOs in Oryza sativa. In addition, in 
chapter III, I cloned a clade III PAO cDNA (SelPAO5) from S. lepidophylla and 
characterized the recombinant SelPAO5. I found that SelPAO5 back-converts T-Spm to 
NorSpd but not to Spd. I discuss the points of agreement and difference in the clade III 





Materials and methods 
   
Plant materials and growth conditions 
The seeds of Oryza sativa cultivar Nipponbare were obtained from Hokuriku 
Agricultural Experimental Station. They were de-husked, surface-sterilized and grown 
hydroponically in a half-strength (1/2) Murashige-Skoog (MS) solution for 7 days, then 
subjected to various treatments. 
Selaginella lepidophylla was purchased from Gekihana flower shop 
(http://shop.plaza.rakuten.co.jp/gekihana/). Other Selaginella varieties (Iwahiba in 
Japanese) were provided by a professional gardener, Mr. Kiyoshi Ishikawa.  
 
Various treatments on rice seedlings 
Rice seeds (Oryza sativa cv. Nipponbare) were germinated and grown on wet filter 
paper for 7 days at 28°C in a plant incubator and subjected to the treatment of different 
hormones (IAA: 20 µM; iP: 5 µM; GA: 10 µM; ABA: 100 µM; JA: 100 µM; SA: 2 
mM), oxidative stresses [methyl viologen (MV): 50 µM; H2O2: 20 mM] and polyamines 
(Put, Spd, Spm and T-Spm: 500 µM each). For abiotic stresses, germinated seedlings 
were transferred to wet filter paper containing 200 mM NaCl (NaCl treatment), to 42°C 
water bath (heat), to 4°C refrigerator (cold) or on dry filter paper (dehydration) for 
indicated time intervals. To induce wounding stress, plants were chopped and crushed 
using forceps. After treatments, plant samples were harvested and RNA was extracted 
using RNA Sepasol-I (Nacalei-Tesque, Kyoto, Japan) according to instructions.  
 
Chemicals  
Put, Spd and Spm were purchased from Nacalai-Tesque Ltd. (Kyoto, Japan). 
Chemically synthesized T-Spm, NorSpm, NorSpd and N1-acetyl Spm were kindly 
provided by Prof. Masaru Niitsu (Josai University) (Samejima et al. 1984; Niitsu et al. 
1986). All other analytical grade chemicals were obtained from Sigma-Aldrich Corp (St. 
Louis, MO, USA), Wako Pure Chemical Industries Ltd. (Osaka, Japan) and 






Isolation of a full-length OsPAO6 cDNA 
A full-length OsPAO6 cDNA was obtained with the combination of reverse 
transcription (RT)-polymerase chain reaction (PCR) and rapid amplification of cDNA 
ends (RACE) using the total RNA prepared from the jasmonic acid (JA)-treated rice 
seedlings. RACE was performed using a SMARTer RACE cDNA amplification kit 
(Clontech Laboratory, Inc., Takara Bio Company, Mountain View, CA, USA). 
 
Construction of GFP fusion plasmids, particle bombardment and microscopic 
observation in onion cells 
First the basal GFP vector was constructed. The coding region of GFP was amplified by 
PCR with pGFP2 (provided by Dr. N.-H. Chua) as a template and the following primer 
pair; forward 
(5’-CTTGGATCCAAGGAGATATAAGAATGGGTAAGGGAGAAGAACTTTTC-3’
) and reverse (5’-TATCCCGGGGCCCCCAGAGCCTCCTTTGTATAGTTCA 
TCCATGCCATG-3’), in which the underlined sequences were added for cloning 
purpose. The BamHI- and SmaI- digested fragment was subcloned into the 
corresponding sites of the pBI221 vector (Invitrogen), yielding pBI221GFP. Next the 
internal single SacI site of SelPAO5-coding region was mutated without changing the 
amino acid sequence by two step PCRs. Then second PCR on the respective mixtures of 
the first PCR products were performed. The coding region of SelPAO5 was amplified 
by PCR using the following primer pair: SelPAO5_SmaI_F and SelPAO5_SacI_R. The 
resulting SelPAO5 fragment digested with SmaI and SacI was subcloned into the same 
restriction enzyme sites of pBI221GFP, yielding pBI221GFP-SelPAO5. 
The full ORF region and the amino-terminal 30-amino acid region of OsPAO6 were 
amplified by PCR with the primer pairs; either the combination of OSPAO6_XbaI_F 
and OsPAO6 full_XhoI_R1 or of OSPAO6_XbaI_F and OsPAO6_150_XhoI_R2. The 
OsPAO6 fragments were digested with XbaI and XhoI. The resulting fragments were 
subcloned into the compatible restriction enzyme sites of the pGFP2 vector, yielding 
pOsPAO6 (FL)-GFP and pOsPAO6 (SP+TD)-GFP, respectively.  
All the resulting GFP-PAO or PAO-GFP fusion constructs were delivered into 
onion bulbs by particle bombardment. After incubating the bulbs at 22°C for 16 h in 




microscope (BX61; Olympus). 
 
Production of recombinant OsPAOs and SelPAO5 proteins in Escherichia coli 
OsPAO3, OsPAO4 and OsPAO5 proteins were produced in E. coli cells and purified as 
described (Ono et al. 2010). The OsPAO6 coding region was amplified by PCR from its 
cDNA plasmid using the specific primer pair (Table CI-1). The fragment digested with 
BamHI and SalI was subcloned into pCold vector (Takara Co. Ltd., Kyoto, Japan) and 
the recombinant plasmid was transformed to E. coli strain Rosetta-gami B.  
The SelPAO5 coding region was amplified by RT-PCR from total RNA from S. 
lepidophylla using gene-specific primers (Table CIII-1). The amplified PCR products 
were digested with BamHI and SalI and cloned in-frame with the 6×His tag of the 
pCold vector (Takara Bio, Shiga, Japan), resulting in pCold-SelPAO5. After 
confirmation of the cloned fragments by DNA sequence analysis, pCold-SelPAO5 was 
transformed into E. coli Rosetta2 (DE3) cells, and recombinant SelPAO5 protein tagged 
with 6×His at the N-terminus was produced according to the manufacturer’s instructions 
(Takara Bio, Shiga, Japan) as described (Kim et al. 2014).  
 
PAO activity assay  
Recombinant SelPAO5 oxidation activities for Spm, T-Spm, Spd, N1-acetyl Spm and 
NorSpm were determined spectrophotometrically by following the formation of a pink 
adduct resulting from oxidation of 4-aminoantipyrine and 
3,5-dichloro-2-hydroxybenzenesulfonic acid catalyzed by horseradish peroxidase as 
described by Kim et al. (2014). In a typical experiment, 0.5−3.0 µg of protein was 
added to a buffered solution containing 500 µM of each substrate, 100 µM 
4-aminoantipyrine, 1 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid and 10 U/mL 
horseradish peroxidase, and the increase in absorbance at 515 nm was measured using a 
multiplate reader (Tecan-M200) or spectrophotometer (Hitachi UH5300). 
 
PA analysis by HPLC 
PA analysis was performed as described (Naka et al. 2010). In brief, plant samples (0.3–




volumes (2.5 mL per 0.5 g of plant sample) of 5% (v/v) cold perchloric acid were added 
to the resulting fine powders. The mixtures were transferred to plastic tubes and kept on 
ice for 1 h. After centrifugation at 15,000 × g for 30 min at 4°C, the supernatants were 
combined and filtered using a filter syringe (pore size, 0.2 µm). One milliliter of 2 N 
NaOH was added to 1.5 mL of plant extract, the mixture was vortexed, 10 µL of 
benzoyl chloride was added, the mixture was mixed and incubated at room temperature 
for 20 min, and then 2 mL of saturated NaCl was added. After the addition of 2 mL of 
diethyl ester, samples were vigorously mixed and then centrifuged at 3,000 × g for 10 
min at 4°C for phase-separation. An aliquot (1.5 mL) of the organic solvent phase was 
evaporated and the residue was resuspended in 50 µL of methanol. Benzoylated PAs 
were analyzed with a programmable Agilent 1200 liquid chromatograph using a 
reverse-phase column (4.6 × 250 mm, TSK-GEL ODS-80Ts, TOSOH, Tokyo, Japan) and 
detected at 254 nm. For analyzing OsPAO6 reaction product(s), the benzoylated PAs were 
analyzed isocratically with a methanol (MeOH): water solution (see text) at a flow rate of 1 
mL/ min for 20 min and detected at 254 nm (Flores and Galston 1982). For analyzing 
SelPAO5 reaction product(s), the acetonitrile-water system was used as a solvent system. In 
typical experiment, one cycle of the run consisted of a total of 60 min at a flow rate of 1 
mL/min at 30°C; i.e., 42% acetonitrile for 25 min for PA separation, increased up to 
100% acetonitrile during 3 min, then 100% acetonitrile for 20 min for washing, 
decreased down to 42% acetonitrile during 3 min, and finally 42% acetonitrile for 9 
min. 
 
LC-MS/MS analysis of the reaction product of T-Spm catalyzed by SelPAO5 
The column used for LC was ACQUITY BEH C18 (2.1 × 50 mm, Waters). The sample 
was separated using 10–60% (linear gradient) acetonitrile containing 0.05% acetic acid. 
MS/MS analysis was performed at a declustering potential of 40 and a collision energy 
of 20 eV (Seto et al. 2014). 
  
Dehydration treatment and tetraamine-treatment to Selaginella leaflets 
Dehydration stress: detached Selaginella leaflets were placed on wet filter papers for 12 
h under normal light condition, then one half of them was transferred onto dry filter 




for another 12 h. Tetraamine treatment: After 12 h incubation described above, the 
leaflets were separated into three groups: the first group was transferred to wet filter 
papers as control, and the second and third groups were transferred onto either 0.5 mM 
Spm or 0.5 mM T-Spm solution contained-filter papers, and further incubated another 
12 h.  
 
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assay 
qRT-PCR analysis was performed by StepOne Real-Time PCR System (Applied 
Biosystems) using SYBR ®Green RT-PCR Kit (FastStart Universal SYBR Green 
Master, ROX). A standard curve was constructed from different genes and the values 
were normalized to Actin levels. The primers used for qRT-PCR were described in 
Table CII-2 and Table CIII-1. 
 
Statistical analysis 
Student’s t tests were used for statistical analysis and were performed using Microsoft 





















































As I mentioned, O. sativa contains 7 PAO genes. Of them, OsPAO1, OsPAO3, OsPAO4, 
OsPAO5 and OsPAO7 cDNAs were already cloned and characterized (Ono et al. 2012; 
Liu et al. 2014a, 2014b, 2014c). Ono et al. (2012) showed that the uncharacterized two 
PAO genes, OsPAO2 and OsPAO6, are expressed at quite scarce levels under 
physiological condition (Fig. CI-1) which is supported by rice array data (RiceXPro: 
http://ricexpro.dna.affrc.go.jp/). Actually the former laboratory members tried to clone 




Fig. CI-1. Expressional profiles of 7 PAO genes of O. sativa at flowering stage. This figure was cited 
from the article of Ono et al. (2012). 
 
In this chapter, I describe the cloning of the OsPAO6 full-length cDNA and 







Isolation of OsPAO6 cDNA 
According to the public database (National Center for Biotechnology Information), the 
coding region of OsPAO6 cDNA comprises 1,623 base pairs (bp) (Accession number 
NM_001069545). Eight EST (Expressed sequence tag) clones of OsPAO6 were 
reported (http://www.ncbi.nlm.nih.gov/UniGene/clust.cgi?ORG=Os&CID=73758) (Fig. 
CI-2A). Counting the information, I designed 7 OsPAO6-specific primers. Using the F3 
and R2 primer pair (see Fig. CI-2A), I examined the OsPAO6 expression and found that 
the gene is responsive to jasmonic acid (JA) (Fig. CI-2B). I further performed the 
reverse transcription-polymerase chain reaction (RT-PCR) with several primer 
combinations on the same cDNA derived from JA treated seedlings as a template. With 
F2 and R2 primer combination, a single DNA fragment of approximately 1,200 bp in 
size was detected (Fig. CI-2C). DNA sequencing revealed that the fragment corresponds 
to the nucleotide positions (np) 450 to 1,623 of the provisional 1,623 bp-open reading 
frame (ORF). However, when I used the forward primer F1 in combinations with all the 
reverse primers I tested no PCR products could be detected (Fig. CI-2C), suggesting 
that the 5’ region of the full-length cDNA is different from the reported cDNA sequence. 
Therefore, I performed the 5’-rapid amplification of cDNA ends (RACE) experiment. 
As shown in Fig. CI-3A, I used the two primer pairs; the one is Universal primer mix 
(UPM) and the gene specific primer 1 (GSP1), the other is Universal primer short (UPS) 
and the nested gene specific primer 1 (NGSP1). With UPM and GSP1 primer pair, no 
distinct fragment was observed (Fig. CI-3B, lane 2). The second PCR using the UPS 
and NGSP1 on the aliquot of the PCR product with UPM and GSP1 gave an 
approximately 0.8 kb-fragment (Fig. CI-3B, lane 1). The resulting full-length OsPAO6 
cDNA is 1,742 bp (Accession number, LC107620). The coding sequence of it starts at 
the np 39 and ends at the np 1,529, which encodes a 497-amino acid protein (Fig. CI-4). 
In Fig. CI-5, the open-reading frame region of the new OsPAO6 cDNA was compared 
with that of the old OsPAO6. Next the new OsPAO6 amino acid sequence and the old 
one (540-amino acid protein) were aligned (Fig. CI-6). As expected, the amino-terminal 
regions were quite different. Of interest, the newly assigned OsPAO6 showed high 
identity (92%) to OsPAO7 (Fig. CI-7). To confirm the OsPAO6 cDNA sequence result, 
I checked the O. sativa chromosome 9 genome sequence. As shown in Fig. CI-8, the 
5’-distal region of OsPAO6 cDNA was totally matched with the sequence of np 
12,759,144 and np 12,758,973 (minus strand) of the chromosome 9. The previous 




OsPAO6 cDNA sequence isolated in this study is derived from nine  
 
Fig. CI-2. Cloning of OsPAO6 cDNA. A. Schematic illustration of OsPAO6 cDNA available in the 
public database and the position and orientation of the primers. B. RT-PCR result using F3 and R2 primers 
which showed that OsPAO6 was responsive to JA. C. RT-PCR results using the other primer 
combination. 
 
Fig. CI-3. 5’-RACE experiment for isolating the 5’-distal region of OsPAO6 cDNA. Upper figure: the 
black box region was already cloned and it was totally matched the reported OsPAO6 cDNA sequence, 
while the grey box region was still missing. The position and orientation of the primers were also shown. 
Lower figure: left lane, DNA size marker; middle lane, PCR result using UPS and NGSP1 primers and 




cDNA prepared from JA-treated O. sativa seedlings. Black arrowhead indicated that the size of fragment 
was approximately 0.8 kb. 
 
 
Fig. CI-4. The newly assigned OsPAO6 cDNA sequence (accession number, LC107620) and the 











Fig. CI-6. Comparison of new and old OsPAO6 
amino acid sequences. Identical amino acid was 
indicated by asterisk. 
Fig. CI-7. Comparison of new OsPAO6 and 
OsPAO7 amino acid sequences. Identical amino 






Fig. CI-8. Assignment of the 5’-distal region of OsPAO6 transcript on the genome DNA sequence of O. 
sativa chromosome 9. The provisional E4 and E5 were indicated by black letters, while the newly 
assigned E1 and E2 were indicated by red letters. The E1 region was highlighted by transparent pink color. 






Fig. CI-9. The genome assignment of the new OsPAO6 transcript. The upper figure is derived from the 
NCBI information. The provisional assignment indicates that OsPAO6 is consisting of 12 exons and 11 
introns, whereas the newly isolated OsPAO6 is consisting of 9 exons and 8 introns. The E2~E9 totally 
corresponds to the old E5~E12, respectively. White box and black box indicate the untranslated region and 
the coding region, respectively. The newly identified E1 corresponds to the region between the previous 
E4 and E5 which is highlighted by the red botted lines. See also Fig. CI-8. 
 
exons. The difference in the genome assignment between the former OsPAO6 and new 
OsPAO6 cDNA sequences was illustrated in Fig. CI-9.   
 
Subcellular localization of OsPAO6 in plant cells 
   SignalP ver 4.1 program (http://www.cbs.dtu.dk/services/SignalP/) predicts that a 
signal peptidase recognizes between 27 and 28 amino acid positions of OsPAO6 (Fig. 
CI-10). To test the subcellular localization of OsPAO6 in plant cells, I generated the 
two green fluorescent protein (GFP)-fusion constructs. The one is the full-length ORF 
region of OsPAO6-fused to the GFP gene, which termed FL. The other is the signal 
peptide (SP)-transmembrane domain (TD) region of OsPAO6-fused to GFP gene, which 
termed SP+TD. Those constructs were delivered to onion epidermal cells by particle 
bombardment (PDS-1000/He, Bio-Rad). The result indicated that both the FL fusion 
and the SP+TD fusion localized in plasma membrane matching to the positive plasma 
membrane-localized marker, OsPIP2;1 (plasma membrane intrinsic protein) (Fig. 







Fig. CI-10. Signal-P program predicts that the amino acid portion from 1 to 27 of OsPAO6 amino acid  
sequence is a signal peptide. 
 
 
Fig. CI-11. Subcellular localization of OsPAO6 in plant cells. A. Schematic drawing of the 
OsPAO6::GFP fusion constructs. OsPIP2;1 encodes a plasma membrane intrinsic protein (a form of 
aquaporin), is a plasma membrane-localized marker. FL: the full-length region of OsPAO6 was fused to 
the GFP; SP+SD: the signal peptide region of OsPAO6 was fused to the GFP. 35S, Cauliflower mosaic 
virus 35S promoter; Nos T, the terminator region derived from the nopaline synthase gene. B. Subcellular 





Production of the recombinant OsPAO6 in E. coli 
I am going to express and purify the OsPAO6 protein using the E. coli-pCold vector 








In this chapter, I successfully isolated OsPAO6 cDNA. The critical points are that (1) I 
found the expression condition of OsPAO6; (2) the 5’-distal region of the newly 
identified OsPAO6 cDNA sequence was different from the one of the old OsPAO6 
cDNA sequence. While the old OsPAO6 cDNA sequence was derived from 12 exons 
and 11 introns of the chromosome 9, the newly identified OsPAO6 cDNA sequence was 
derived from 9 exons and 8 introns. Furthermore, the 1st exon was found inside the 
sequence of the previous 4th intron. The deduced OsPAO6 amino acid sequence is a 
497-long. It showed the more than 92% identity to OsPAO7. OsPAO6 protein localizes 
in plasma membrane of plant cells. Counting the information that the amino-terminal 
region of OsPAO6 may function as a signal peptide, predicted by SignalP program, it 
suggests that OsPAO6 is a secondly identified apoplastic PAO enzyme in O. sativa.  
    To reveal the reaction mode of OsPAO6, I tried to produce and purify the 


















In chapter I, I identified OsPAO6 cDNA and characterized the recombinant OsPAO6. 
My further work on it showed that OsPAO6 acts as TC-type PAO. So now, all OsPAOs 
except OsPAO2 were characterized. In cases of OsPAO3, OsPAO4 and OsPAO5, it is 
known that they localize in peroxisomes and act as BC-type enzymes (Ono et al. 2012). 
They further showed that OsPAO3 prefers Spd over the other PAs, while both OsPAO4 
and OsPAO5 prefer Spm as substrate (Fig. CII-1). However, their enzymatic parameters 
are not analyzed yet. From the expression analysis, I have learned that OsPAO3, 
OsPAO4 and OsPAO5 are constitutively expressed both at the seedling stage and at the 
flowering stage, and that the other four members, OsPAO1, OsPAO2, OsPAO6 and 
OsPAO7, are expressed at a scarce level under the non-stressed condition (Ono et al. 
2012). Liu et al. (2014a, 2014b) reported that OsPAO1 is induced by tetraamines and 
that OsPAO7 is expressed in anthers and pollens. In addition, I showed that OsPAO6 is 
responsive to JA (Chapter I).  
 
Fig. CII-1. PA substrate specificity of OsPAO3 (A), OsPAO4 (B) and OsPAO5 (C). Those figures were 
cited from the article of Ono et al. (2012). 
 
   In this chapter, I determine the kinetic parameters of OsPAO3, OsPAO4 and 




test the effect of phytohormones, reactive oxygen species, abiotic stresses and PAs on 7 
OsPAOs’ expression. I further examine whether OsPAO6 is also expressed in flower. 








Kinetics analysis of the recombinant OsPAO3, OsPAO4 and OsPAO5 
I just followed the protocol described by Ono et al. (2012) and purified the recombinant 
OsPAO3, OsPAO4 and OsPAO5 in the E. coli system. Using the purified enzymes, I 
determined the kinetic parameters. Using Lineweaver-Burk plot, I obtained Km and Vmax 
values.  kcat value is calculated as follows: 
 
 kcat =   Vmax  (s-1) 
        [E]T 
  
Table CII-1. Kinetic parameters of the recombinant OsPAO3 (A), OsPAO4 (B) and OsPAO5 (C).  
 
 
First, the kinetic parameters of OsPAO3 were calculated. OsPAO3 preferred Spd over 
Spm and T-Spm. In fact, at optimum pH 8.5, the kcat/Km (catalytic efficiency) for Spd 
was 2,897 + 867 M-1 s-1, while those for Spm and T-Spm were 186 + 92 M-1 s-1 and 136 
+ 99 M-1 s-1, respectively (Table CII-1A). Then the kinetic parameters of OsPAO4 and 
OsPAO5 were determined. Both the enzymes preferred Spm. The kcat/Km for Spm of 




while those for T-Spm of OsPAO4 and OsPAO5 were 933 + 94 M-1 s-1 and 1,852 + 645 
M-1 s-1 (Table CII-1B,C). Both the enzymes did not prefer Spd as substrate, especially 
OsPAO5. Those for Spd of OsPAO4 and OsPAO5 were 258 + 16 M-1 s-1 and 28 + 4.7 
M-1 s-1 (Table CII-1B,C).  
 
Expressional change of OsPAOs to phytohormones 
To understand the respective roles of OsPAOs, I first applied various phytohormones to 
7-day-old rice seedlings and examined the transcript levels by qRT-PCR analysis. The 
primers used for these qRT-PCR experiments were listed in Table CII-2. OsPAO5 was 
induced to ~4.5-fold levels compared to those of non-stress condition at 6 h by indole 
acetic acid (IAA) treatment, whereas OsPAO2 and OsPAO6 were negatively regulated 
by IAA (Fig. CII-2). Isopentenyl adenine (iP, active cytokinin) induced OsPAO1 and 
OsPAO7 ~5-fold and ~20-fold, respectively, at 12 h, whereas OsPAO2 and OsPAO6 
were down-regulated (Fig. CII-2). Gibberellic acid (GA) and abscisic acid (ABA) did 
not have much effect on OsPAO expression. OsPAO5 and OsPAO7 were transiently 
induced to ~3-fold levels by GA, whereas OsPAO1 transcripts reached to ~2-fold levels 
at 6 h (Fig. CII-2). The transcript levels of OsPAO2 and OsPAO6 were again 
down-regulated by GA and ABA (Fig. CII-2). Salicylic acid (SA) suppressed the  
 




expression of OsPAO2, OsPAO4 and OsPAO5. On the other hand, OsPAO6 and 
OsPAO7 were slightly (~1.5-fold) induced at 6 h and 12 h (Fig. CII-2). Most striking 
effect was observed in JA treatment. At 6 h after JA treatment, OsPAO2 and OsPAO6 
transcripts reached to around 60-fold levels (Fig. CII-2).  
 
Expressional change of OsPAOs to abiotic stresses 
Next I examined the effects of abiotic stresses on the expression of OsPAOs. Upon heat 
(42°C) OsPAO3, OsPAO4 and OsPAO6 were rapidly and transiently induced at 10~30 
fold levels, while the residual members were not responsive (Fig. CII-3). Cold induced 
the expression of OsPAO4, OsPAO6 and OsPAO7 about 3 to 4-fold, and that of 
OsPAO2 was down-regulated (Fig. CII-3). Induction profiles of 7 OsPAOs in rice 
seedlings treated by wounding and drought was quite similar; i.e., OsPAO2 and 
OsPAO6 transcripts accumulated maximally ~50 (drought) to 100-folds (wounding) and 
~500 (wounding) to ~700-fold (drought) levels, respectively (Fig. CII-3). High salt 
treatment induced the quite similar induction patterns on OsPAOs as the wounding and 
drought treatments induced.  
 





The maximum induction of OsPAO6 were ~100-fold levels in NaCl stress, which was 
different from those (400~700-fold levels) in wounding and drought stresses (Fig. 
CII-3).   
 
Expressional change of OsPAOs to reactive oxygen species 
Next I tested the effect of hydrogen peroxide (H2O2) and methyl viologen (MV) on 
OsPAOs. The former induced OsPAO6 to ~20-35-fold levels compared to that of 
control (Fig. CII-4, left). MV modulated the OsPAO expression but the respective 
changes were less than 2-fold increase or less than 0.1-fold decrease (Fig. CII-4, right).  
 
Fig. CII-4. Effect of H2O2 and MV on the OsPAO expression.  
 
Expressional change of OsPAOs to PAs 
Lastly I examined the effect of PAs on OsPAOs. In Put application, OsPAO2, OsPAO3, 
OsPAO4, OsPAO6 and OsPAO7 were induced transiently ~2-fold to 7-fold. The other 
PAs, Spd, Spm and T-Spm, had inducing effect on OsPAO2, OsPAO6 and OsPAO7. 
The OsPAO6 transcripts accumulated to ~120-fold levels by Spd, ~250-fold levels by 
Spm and ~220-fold levels by T-Spm, respectively (Fig. CII-5). OsPAO2 and OsPAO7 
transcripts also accumulated by those PAs but their maximum levels were less than 
20-fold (Fig. CII-5).  
 
Expression profiles of OsPAO6 and OsPAO7 in flower organs  
Liu et al. (2014b) reported that OsPAO7 expressed in anther walls and pollens of O. 
sativa flowers. Therefore, I addressed whether OsPAO6 expresses in flower organs. I 
collected two stages of O. sativa flowers; the one is early+mid phase, and the other is 
late phase. In early+mid phase, OsPAO6 was expressed at almost null levels while 
OsPAO7 was expressed at moderate levels (Fig. CII-6). In contrast, OsPAO6 expressed 
at the higher levels in relative to that of OsPAO7 in early+mid phase, whereas OsPAO7 







Fig. CII-5. Effect of PAs on the OsPAO expression.  
 
 









In this chapter, I investigated the expressional changes of OsPAOs in response to 
hormones, PAs, oxidative stresses, and abiotic stresses. The induction profiles of 7 
OsPAOs were summarized in Table CII-3. OsPAO2, OsPAO6 and OsPAO7 are the 
clade II members. The OsPAO genes encoding those clade II members were in common 
responsive to JA, PAs except diamine, Put, wounding, drought and NaCl stresses. 
OsPAO3, OsPAO4 and OsPAO5 are the clade IV members, which reside in 
peroxisomes and function in the BC pathway (Ono et al., 2012). The corresponding 
genes seemed to be constantly expressed under application of hormones, PAs and ROS, 
respectively. Of them, OsPAO3 and OsPAO4 but not OsPAO5 were induced mildly 
upon heat, wounding and drought. OsPAO1 is the clade III member. OsPAO1 localizes 
in cytoplasm and functions in the BC pathway (Liu et al., 2014a). OsPAO1 expression 
was not much modulated by hormones, ROS and abiotic stresses which I tested in this 
study 
 
Table CII-3. The responsiveness of OsPAOs to hormones, polyamines, oxidative stresses and abiotic 
stresses. The degreee of the induction was distinctly displayed as + to ++++.   
+, 5~10-fold induction; ++, 10~50; +++, 50~100; ++++, >100, respectively. 
 
 
I also determined the kinetic parameters of the recombinant OsPAO3, OsPAO4 and 
OsPAO5 proteins. In Table CII-5, I summarized the kinetic parameters for the optimum 
PA substrate of the respective OsPAOs. From the kcat/Km values, the increasing order 
is OsPAO3=OsPAO4<OsPAO5<OsPAO1<OsPAO7. The first three OsPAOs are the 




back-convert either Spm to Spd or Spd to Put mildly. OsPAO7 functions in the TC 
pathway. The catalytic efficiency of OsPAO7 was markedly higher compared to those 
of the clades III and IV.  
  
Table CII-5. Comparison of the kinetic parameters of 5 O. sativa PAOs. The values of OsPAO1 and 



















As mentioned, in angiosperms, major common PAs are Put, Spd, Spm and T-Spm 
(Knott et al. 2007; Takahashi and Kakehi 2010; Takano et al. 2012). NorSpd and 
NorSpm occur in Bryophyta, mosses and some eukaryotic algae (Hamana et al. 1985, 
2004; Kuehn et al. 1990). In 1988, NorSpd and NorSpm were detected in alfalfa 
(Rodoriguez-Garay et al. 1988). The biosynthesis of those uncommon PAs begins with 
1,3-diaminopropane (DAP), which is generated by the action of a TC-type of PAO on 
Spd and Spm (Kusano et al. 2015). The aminopropyl residue derived from dcSAM is 
transferred to DAP by a putative aminopropyltransferase (APT) with relaxed substrate 
specificity, resulting in NorSpd, and subsequently, the second APT action converts 
NorSpd to NorSpm (Fuell et al. 2010).  
In this chapter, I isolated the clade III PAO gene (named SelPAO5) from a 
lycophyte, Selaginella lepidophylla, which shows the highest sequence identity to 
AtPAO5 (Ahou et al. 2014; Kim et al. 2014) and OsPAO1 (Liu et al. 2014a, 2014c). The 
recombinant SelPAO5 prefers Spm and T-Spm as substrates to convert to Spd and 
NorSpd, respectively. The results of my study reveal a novel route for generating 
NorSpd, and also show that SelPAO5 oxidizes T-Spm at a different carbon position 









Identification of SlPAO5, the clade III PAO from S. lepidophylla  
My colleagues recently characterized AtPAO5 and OsPAO1 (Kim et al. 2014; Liu et al. 
2014a). Although I proposed that the products of these genes, AtPAO5 and OsPAO1, 
function as T-Spm oxidases, because the loss-of-function mutant of AtPAO5 
specifically accumulates twice as much T-Spm as WT plants, both of the recombinant 
enzymes prefer Spm and T-Spm in vitro and back-convert them to Spd (Kim et al. 
2014; Liu et al. 2014a; Liu et al. 2014b). Considering the phylogeny of plants (Bowman 
et al. 2007), I found AtPAO5 orthologs in the lycophyte Selaginella moellendorffii 
(Banks et al. 2011) but not in bryophytes such as Marchantia polymorpha and 
Physcomitrella patens (DW Kim, personal communication; Fig. CIII-1A). Based on this 
information, I tried to isolate AtPAO5 ortholog(s) from S. lepidophylla. I designed a 
primer pair based on SmPAO6 and SmPAO7 cDNA sequences (Accession numbers 
XP_002984796.1 and XP_002985859.1) from S. moellendorffii (Table CIII-1). PCR 
amplification using this primer pair and S. lepidophylla genomic DNA resulted in a 
813-bp fragment that showed 62% and 61% identity to SmPAO6 and SmPAO7 cDNAs, 
respectively. Next, I performed inverse-PCR 
(http://labs.mcdb.lsa.umich.edu/labs/maddock/ protocols/PCR/ inverse_pcr 
_protocol.html) of S. lepidophylla genomic DNA using two pairs of primers. The 
genome template was prepared as follows: S. lepidophylla genomic DNA was digested 
with either HindIII or SalI and then self-ligated according to the protocol. The resulting 
fragments were sequenced and a 1584-bp open-reading frame (ORF) was identified. 
Based on the results of RT-PCR of total RNA prepared from S. lepidophylla using a 
new primer pair covering the above ORF, I confirmed that this ORF is the correct one, 
and I designated the corresponding transcript SelPAO5 (accession number LC036642). 
SelPAO5 is intron-less, which is consistent with the gene structures of SmPAO6, 
SmPAO7, AtPAO5 and OsPAO1 (Kim et al. 2014; Liu et al. 2014a). The translation 
product of SelPAO5 is a 527-amino acid protein, which I designated SelPAO5. I 
generated a phylogenetic tree using the sequences of SelPAO5, seven O. sativa PAOs, 
five A. thaliana PAOs, eight S. moellendorffii PAOs and several other angiosperm 





Fig. CIII-1. Classification of SelPAO5 from S. lepidophylla in the phylogeny of plant PAOs . A. 
Phylogenic relationship between spikemosses and angiosperms in the plant kingdom. B. Phylogenetic 
tree of SelPAO5, other Selaginella PAOs and selected angiosperm PAOs. The amino acid sequences of 
SelPAO5, eight PAOs from S. moellendorffii and several PAOs from angiosperms were subjected to 
phylogenetic analysis. The maximum likelihood tree was built by alignment of the amino acid sequences 
of PAOs and Arabidopsis copper-dependent amine oxidase 1 (as an outgroup) using Molecular 
Evolutionary Genetics Analysis (MEGA) software version 6.0 [21]. Bootstrap values obtained with 1,000 
replicates are indicated at the nodes. Roman numerals (I–V) indicate clade numbers. The genes and 
accession numbers used are as follows: SelPAO5 (LC036642), SmPAO1 (XP_002965265.1), SmPAO2 




(XP_002981437.1), SmPAO6 (XP_002984796.1), SmPAO7 (XP_002985859.1), SmPAO8 
(XP_002986593.1), OsPAO1 (NM_001050573), OsPAO2 (NM_001055782), OsPAO3 
(NM_001060458), OsPAO4 (NM_001060753), OsPAO5 (NM_001060754), OsPAO6 
(NM_001069545), OsPAO7 (NM_001069546), AtPAO1 (NM_121373), AtPAO2 (AF364952), AtPAO3 
(AY143905), AtPAO4 (AF364953), AtPAO5 (AK118203), ZmPAO1 (Zea mays PAO1, 
NM_001111636), NtPAO1 (Nicotiana tabacum PAO, AB200262), HvPAO1 (Hordeum vulgare PAO1, 
AJ298131), HvPAO2 (Hordeum vulgare PAO2, AJ298132), and MdPAO1 (Malus domestica PAO, 
AB250234).  
 
Subcellular localization of SelPAO5 in plant cells 
Subcellular localization of SelPAO5 was addressed by the GFP fusion method. The 
fusion construct was delivered into onion epidermal cells by particle bombardment 
(PDS-1000/He, Bio-Rad). The green fluorescent signal from the construct seemed to be 
of cytoplasmic origin (Fig. CIII-2) as similar as that of the GFP control construct (data 
not shown). 
 
Fig. CIII-2. Subcellular localization of SelPAO5 in plant cells. Bar corresponds to 10 µm. 
 
Enzymatic characteristics of the recombinant SelPAO5 
The recombinant SelPAO5 protein was homogenously purified (Fig. CIII-3A). The 
absorbance spectrum shows that the purified enzyme has two peaks at approximately 
380 and 460 nm, which is indicative of the association of flavin adenine dinucleotide 
with the enzyme (Fig. CIII-3B). The optimal pH and temperature for maximum 
SelPAO5 activity using Spm as a substrate were pH 8.0 and 30°C, respectively (Fig. 
CIII-3C and 3E). The maximum SelPAO5 activity with T-Spm as a substrate occurred 
at pH 7.0 and at a temperature of 35°C (Figs. CIII-3D, 3F). As SelPAO5 activity was 
highest at pH 8.0 for Spm and pH 7.0 for T-Spm (Figs. CIII-3C and 3D), we examined 
recombinant SelPAO5 substrate specificity at pH 8.0 and pH 7.0 using 300 µM 
substrate. At pH 8.0, the substrate preference of SelPAO5 in decreasing order was as 
follows: Spm = T-Spm > N1-acetyl Spm > NorSpm > Spd (Fig. CIII-4A). At pH 7.0, the 




> Spm > N1-acetyl Spm > Spd (Fig. CIII-4B). At both pH levels, SelPAO5 catalyzed 
Spd at a very low rate (Figs. CIII-4A, 4B, 5B).   
 
SelPAO5 back-converts Spm to Spd and T-Spm to NorSpd 
We analyzed the reaction product(s) of Spm and T-Spm catalyzed by SelPAO5. Using 
Spm as a substrate, Spd was produced in a time-dependent manner (Fig. CIII-4C), 
indicating that SelPAO5 catabolizes Spm in a back-conversion pathway, same as 
AtPAO5 and OsPAO1 (Kim et al. 2014; Liu et al. 2014a). Unexpectedly, when T-Spm 
was used as a substrate, the peak, which appears to correspond to NorSpd, increased in 
a time-dependent manner at both pH 7.0 and pH 8.0 (Figs. CIII-4D, 5B). To verify our 
prediction, the peak fraction was subjected to LC-MS/MS analysis along with 
tri-benzoylated NorSpd (Fig. CIII-6) as a standard. The candidate chemical was clearly 






Fig. CIII-3. Characterization of recombinant SelPAO5. A, Purification of SelPAO5. Lane 1, Molecular 
size marker; lane 2, IPTG-induced crude extract after sonication; lane 3, non-induced crude extract after 
sonication; lane 4, SelPAO5 purified by Ni-affinity chromatography (25-fold concentrated sample 
compared with that of lanes 2 and 3). B, Absorbance spectrum of purified sample ranging from 300 nm to 
550 nm. C, Optimal pH for SelPAO5 activity using Spm as substrate. The buffers used are as follows: pH 
5.5 to 7.0, 100 mM MES buffer (■), pH 6.5 to 8.5, 100 mM HEPES buffer (○), pH 8.0 to 9.5, 100 mM 
Tricine buffer (▲). D, Optimal pH for SelPAO5 activity with T-Spm as substrate. E, Optimal 
temperature for SelPAO5 activity with Spm as substrate at pH 8.0. F, Optimal temperature for SelPAO5 






Fig. CIII-4. Substrate specificity of recombinant SelPAO5 and SelPAO5-catalyzed reaction product(s) of 
T-Spm and Spm. The enzymatic activity of recombinant SelPAO5 was determined in 100 mM HEPES 
buffer at pH 8.0 (A) and 100 mM MES pH 7.0 (B) at 35°C. A and B, Substrate (500 µM each) was 
incubated at 35°C for 10 min, and the resulting production of H2O2 was measured. Enzyme activity is 
displayed as relative Abs at 515 nm. The experiments were repeated at least three times, and the mean ± 
SD values are displayed. C. HPLC analysis after conversion of Spm at pH 8.0. D, HPLC analysis after 
conversion of T-Spm at pH 7.0. C and D, top panels, PA (Put, NorSpd, Spd, T-Spm, and Spm) standard; 






Fig. CIII-5. HPLC analysis of the reaction product(s) of T-Spm (A) and Spd (B) catalyzed by SelPAO5 
at 100 mM HEPES buffer (pH 8.0). A, B. top panels, PA (Put, NorSpd, Spd, T-Spm, and Spm) standard; 









Fig. CIII-7. Identification of NorSpd as the reaction product of T-Spm oxidation by SelPAO5. A. 
LC-MS/MS analysis of tri-benzoylated NorSpd (standard). Selected reaction monitoring (Left) and 
full-scan spectra of fragment ions (Right) of authentic NorSpd. B. LC-MS/MS analysis of the 
benzoylated reaction product of T-Spm oxidation by SelPAO5. Selected reaction monitoring (Left) and 
full-scan spectra of fragment ions (Right). 
 
 
Fig. CIII-8. Three Selaginella varieties obtained from a professional gardener, Mr. Kiyoshi Ishikawa. 






Fig. CIII-9. PA composition in three Selaginella varieties. 
 
Selaginella plants contain NorSpd as well as four common PAs 
Next, I obtained three Selaginella varieties (see Fig. CIII-8) and analyzed their PA 
composition. These Selaginella plants contained Put, Spd and Spm at levels greater than 
25 nmol/g fresh weight (FW) (Fig. CIII-9). Interestingly, the NorSpd content was 
greater than 10 nmol/g FW, whereas the T-Spm content was less than one-tenth that of 
NorSpd and Spm (Fig. CIII-9). As one of the unique features of the Selaginella genus is 
tolerance to desiccation (Banks et al. 2011; Friedman 2011; Yobi et al. 2012), I 
examined the effect of dehydration stress on PA contents in Selaginella plants. The 
levels of Put, NorSpd, Spd and Spm contents increased significantly after dehydration 
treatment, whereas that of T-Spm did not change or decreased compared to that of 
well-watered leaflet (Fig. CIII-9). 
 
Expression of SelPAO5 is down-regulated by dehydration stress and up-regulated 
by T-Spm treatment 
I then addressed whether SelPAO5 is responsive to dehydration stress. The levels of 
SelPAO5 transcripts decreased distinctly after dehydration stress (Fig. CIII-10A). To 
find a clue of the SelPAO5 function, I tested the levels of SelPAO5 transcripts after 
Spm- and T-Spm- treatment and found that the SelPAO5 transcripts markedly 














I showed that the Selaginella plants contained NorSpd at levels of over 10 nmol/g FW 
and T-Spm levels of only one-tenth of NorSpd. The S. moellendorffii genome contains a 
putative T-Spm synthase gene (Banks et al., 2011). The recombinant SelPAO5 
catalyzes the conversion of T-Spm to NorSpd. Based on the results, I propose that 
NorSpd is generated via T-Spm catabolism by SelPAO5. As previously mentioned, 
NorSpd and NorSpm are synthesized by the sequential transfer of the aminopropyl 
residue to DAP (Rodriguez-Garay et al., 1988; Fuell et al., 2010). The latter is formed 
by the action of a terminal catabolism-type PAO (Kusano et al., 2015). Therefore, the 
route from T-Spm to NorSpd catalyzed by PAO is a novel PA metabolic pathway. 
T-Spm is an asymmetric isomer of Spm, which has a symmetrical structure. Here, I 
tentatively numbered the carbon atoms of T-Spm C1 to C10 (Fig. CIII-11). AtPAO5 and 
OsPAO1 prefer Spm and T-Spm in vitro and produce Spd from both of these substrates 
(Liu etal., 2014a; Ahou et al., 2014; Kim et al., 2014), indicating that both enzymes 
oxidize the C3-carbon. Unlike these enzymes, SelPAO5 produces NorSpd from T-Spm, 
indicating that SelPAO5 oxidizes the C7-carbon of T-Spm (Fig. CIII-11).  
 
 








In this thesis study, I isolated the 6th PAO (OsPAO6) gene of rice (chapter I). The 
deduced amino acid sequence of OsPAO6 shows high levels (92%) of identity to that of 
OsPAO7. The former is a 497-amino acid-protein, and the latter is a 474-amino 
acid-protein. My preliminary result indicated that OsPAO6 generates DAP from Spd 
and Spm, suggesting that OsPAO6 functions in the TC pathway. This protein localizes 
in the apoplast as same as OsPAO7. Therefore, OsPAO6 and OsPAO7 seem to be 
cognate proteins.  
     I also performed the expression analysis of the 7 OsPAOs in this study (chapter II), 
and found that the clade II OsPAO member genes, OsPAO2, OsPAO6 and OsPAO7, are 
responsive to JA and PA treatments, and that OsPAO2 and OsPAO6 are also responsive 
to abiotic stresses (Table CII-3). Involvement of JA in wounding and drought stresses is 
well established (Creelman and Mullet 1995; Turner et al., 2002; Wasternack et al., 
2006; Song et al., 2014). Hydrogen peroxide but not MV was able to induce OsPAO6 
but not OsPAO2 and OsPAO7. I should refer that the degree of OsPAO2- and OsPAO6 
induction is different; for example, in wounding, OsPAO6 transcripts reached to 
~500-fold levels, while OsPAO2 transcripts reached to ~100-fold levels compared to 
controls. The difference may be explained that the OsPAO2 expression is simply 
regulated by JA, whereas the OsPAO6 expression is synergistically regulated by JA, 
H2O2, PAs and/or unidentified factor(s). Maize PAO (ZmPAO) was reported to be 
involved in wound healing (Cona et al., 2006; Angelini et al., 2008). Those authors 
further showed that H2O2 produced by ZmPAO plays a critical role in 
peroxidase-mediated wall stiffening events because inhibition of ZmPAO, by a specific 
inhibitor, resulted in the strongly reduced lignin and suberin deposition along the wound 
(Kolattukudy 1981; Angelini et al., 2008; Weng and Chapple 2010). Even in flower 
organ, timing of expression of OsPAO6 and OsPAO7 differed. Namely OsPAO7 
preceded expression of  OsPAO6  (Fig. CII-6). In Arabidopsis, JA signaling is 
essential for late stamen development (Sanders et al., 2000; Song et al., 2013). The 
knowledge of stamen development extended to O. sativa and the similarity on the basal 
knowledge was confirmed (Wilson and Zhang 2009). Arabidopsis mutants deficient in 
JA signaling components, and the transgenic plants overexpressing jasmonate 
zim-domain proteins (JAZs) became male-sterile due to failure of filament elongation, 
delayed anther dehiscence (Song et al., 2013). As OsPAO6 was JA-responsive, the 
expressional difference of OsPAO6 and OsPAO7 in flower organs may be explained 




respective OsPAO genes, especially the Ospao6 mutant. 
     Furthermore I determined the kinetic parameters of the recombinant OsPAO3, 
OsPAO4 and OsPAO5 (chapter II), and compared those of other OsPAO members, 
OsPAO1 (Liu et al., 2014a) and OsPAO7 (Liu et al., 2014b). The catalytic efficiency 
(kcat/Km) values of OsPAO3, OsPAO4 and OsPAO5 were in the range of 2.6~4.4 x103 
M-1s-1 (Fig. D-1). Arabidopsis thaliana has 5 PAO genes, and the 3 gene products 
(AtPAO2, AtPAO3 and AtPAO4) out of them were classified into the clade IV 
(Tavladoraki et al., 2006; Kamada-Nobusada et al., 2008; Moschou et al., 2008; 
Takahashi et al., 2010; Ahou et al., 2014; Kim et al., 2014). The catalytic efficiency 
values of AtPAO2, AtPAO3 and AtPAO4 were in the range of 15~90 x103 M-1s-1 
(Fincato et al., 2011) and quite comparable to those of OsPAO3, OsPAO4 and OsPAO5. 
This is reasonable because those peroxisomal PAO members contribute to PA 
homeostasis even though their PA specificity differs respectively. The kcat/Km values of 
OsPAO1 were 7~13 x 103 M-1s-1 (Liu et al., 2014a). Another unique feature is that it has 
a low Km. As OsPAO1 and the Arabidopsis ortholog, AtPAO5, are suggested to 
function as a T-Spm oxidase (Kim et al., 2014; Liu et al., 2014c) and the T-Spm 
contents in the organisms are quite low compared to those of other PAs, this fits well to 
the situation in the organisms.  
 
Fig. D-1. Summary of PAOs in O. sativa. 




get the kinetic parameter values. The other clade II member, OsPAO7, showed the 
kcat/Km values were 853 x 103 M-1s-1. The kcat/Km values of maize ZmPAO, the clade II 
member, were reported to be 20 x 106 M-1s-1 (Fincato et al., 2011). Considering the 
kinetic values, I can speculate that the function of TC-type PAOs is the supply of H2O2 
for repairing the wounded portions or stiffening events of the cell walls under normal 
growth. 
      
     In the last chapter, I isolated the clade III PAO member, SelPAO5, from S. 
lepidophylla and characterized it. Of interest, the gene product, SelPAO5, produced 
NorSpd from T-Spm and Spd from Spm, respectively. Spm has a symmetric structure of 
C3C4C3, while T-Spm is an asymmetric structure of C3C3C4 (see Introduction). 
Angiosperms’ the clade III PAOs such as AtPAO5 and OsPAO1 produced Spd from 
both Spm and T-Spm (Ahou et al., 2014; Liu et al., 2014a; Kim et al., 2014), indicating 
that both enzymes oxidize the C3-carbon of T-Spm, whereas SelPAO5 oxidizes the 
C7-carbon of T-Spm (Fig. CIII-11). PAO-mediated NorSpd production is a novel route 
for NorSpd synthesis. From an evolutional point of view, I could guess that the clade III 
PAO was adapted to recognize the C3-carbon position instead of C7-carbon during the 
process of evolution from Selaginella to angiosperms, rice and Arabidopsis.  
     Actually Selaginella plants contained NorSpd at levels of over 10 nmol/g FW, 
whereas the levels of T-Spm were one-tenth of NorSpd. The S. moellendorffii genome 





Fig. D-2. Phylogenetic tree of T-Spm synthase genes. The numbers at the nodes indicate the bootstrap 
values based on maximum likelihood (MEGA) algorithms with 1,000 replications. 
 
(Fig. D-2). Furthermore, the expression of SelPAO5 was significantly induced by 
exogenously applied T-Spm. Taken together, I could speculate that T-Spm, produced by 
Selaginella ACL5, is highly toxic to Selaginella, and  to reduce its toxicity, SelPAO5 
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